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I. Introduction and S t a t u s  of Research 

T f  Conttnuun Electromechanics of Surface-Coupled 
Systems 

A ) Basic Investigations of Field-Coupled Systems 

B 1 Continuum Feedback Control of Electromechanic,, 1 

Systems 

f 1.1 Trave 1 ing-k'ove E lectmmechan ica 1 Energy Cowers ion 



Yemi --'mnual report on 

Resesreh in Electrohydrodvnsrn€cs and 
Trave.linn-Wavc Elettranechanical Energy Conversion 

I Zntroductien rind S t a t u s  of Research 

This report summarizes current research for the p e r i o d  

L August, 1966B through 31 Januaryg 1967, sponsored undor the 

WSA Grant EsG-368,  Jt is supplemented by the following p r e p r i n t s  

and informal reports which are either submitted with t h i s  report 
or have previously been sent t o  NASA. 

Preprints; 

I t  Hydromagnetic Surface Waves with Aftt~rnsting Magnetic 

F i e l d s " ,  Pi, J.. Scbtf fer ,  F!,IC,T, Center far Space R G S E ~ K C ~  
Report CSR XR-66-11, 

Traveling-Wave Bulk Electrocanvection Induced Across a 

Terni.araturo Gradimt", J. R ,  Melcher and M , S ,  Firebuagh, 

r t  

?! f . T ,  Center for Space Research Report  CSR SR-66-13" 

-__L Xnfornol Reports and Theses:: 

" S t a b i l i t y  of a Distributed Parametex System Control l e d  by 

s p s t i a l l y  and Temporally S31opled Feedback", iIG 14- Thomas 
X u S  Thesis, 1966. 



remperature Measurement of an Equilihrium Plasma by IS 

Flcans of a Pressure Transducer", I: B- J w c s ,  Jr, Intew- 
n ~ 1  Xemo, KO, 1.27, Continuum Ekct ronechsnics  GIWUF, 3 - Z . T  

h l s ~  included f o r  general information are the following reprints:  

Contj.nuun: Feedback Control 05 Ins tab i l i t i a s  on an Infi-nite : I  

F l u i d  Interface",  Physics of F l u i d s ,  z 9  No. 10, Cctober 1966 

ffTrzrveling Wave Induced Eltxtrocmvecticn", Physics of Fluids 

I 9 u Xo; 8, August,  1.966, 

'.Ais report follows a Eormat used in  previous progress reports ,  
It i s  divided into two sect ions ,  the first of which i s  concerned 

xitk research an the cantinurn electrmechanics of field-coupled 
systems, with emphasis on electrohydrodynamics, 
presents work on traveling-wave eleceromechanical energy conversion, 

The second sect ion 

The contents of this semi-annual report are supplemented by the 

"I'roposal to ? E A  for A Renewal of X,!-SA Research Grant NsG-368 for 

Xesearch in Continuum Elect-romechanics Vi th  Emphasis on Elec t ro-  

hydrodynamics and in Xagnetohydrodynornic A - C  Power Generation for 
:he ? e r i o d  February I, 1967,  to January 31, 1968", That document 
int ludes  a 

researzh activityc 

a brief smirmry of the current s ta tus  of research- 

1 1  s t a t e  of the art" summary of our overal l  pattern of 
This makes it possible to limit this report to 

Tist of T o p i c s  Together with 7resent Status  of Research 

S t a t u s  
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Electrohydrodynamic Gelaxation 
Surface Instabilities, 

Containment of Dielectric 
Fluids  with b t a t i o n  

Effect of I)-C Bias on an A-C 
Orientat ion of Dielectric 
Liquids 

Electromechanica 1 Co-s treaming 
and founterstreamfng I n s t a b i l i -  
ties * 

Electromechanica 1 Stream- 
Struc ture  Ins t a  b i  li. ty 

'Ihermally Indued Electrohy- 
dynamic Bulk Xnstabil i t y  

Stat i c  Field-Gradient Elec- 
trocanvection 

Surf ace 'i 13 gne t ohy drohynam ic s with 
High-Frequency Magnetic F ie lds ,  

Bang- Bang Sur face Znterac t ions 
with a Static Fluid,  

F i e 1  d Gradient Stabilization 
of Kelvin-Gelmholtz Instability 
(including 3ang-&ng s t a b i  Li- 
zation) ' 

Bu Lk Gradient Stabilization 

Experimenta Z work 
continues 

Experimental and 
t h e o r e t t c a l  work now 
underway as M , S a  
Thesis 

Experiment & theory 
i n  f i n a l  s tages ;  
paper presented at 
Stanford APS Mtg. 

Submitted for  pub". 
in Physics of Fluids 

Submitted for pub'n. 
Physics of Fluids  

Expo and t h e o r e t i c a l  
work i n  progress a s  
Ph. D I tkes is ; report 
sent  to XASA. 
Experimental & theo- 
retical work in 
progress as Ph!h Thesis 
Phon, t h e s i s  compl'd, 
Prepr in t  s en t  XASA. 
To be submitted for 
pub'n t o  Physo Fluids  
Experimental work in 
progress as M,S.thesis 
Theory partially de- 
ve l oped  ; exper h e n  t a  1 
work in design stages 
of 3 S. Thesis 

Experiment & theory 
p a r t i a  l l y  deve Loped ; 
8 , s .  Thesis 
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Continuum Feedback Control of a 
Xayleigh-Tay l o r  Type I n s t a b i l i t y  

Continuum Feedback Control of  
I n s t a b i l i t i e s  on an I n f i n i t e  
Fluid In te r face ,  

E l e c t r o s t a t i c  Levi ta t ion of 
Liquids 

Continuum Feedback Control of 
ray high-Taylor Type Ins t ab i l -  
i t y  Using Video Sampling Tech- 
niques, 

S t a b i l i t y  of a Distr ibuted Para- 
meter System Controlled by 
Spatially and Temporally 
Quantized Feedback. 

Excitat ion and Detection of Xag- 
netoaeoustic Waves i n  a Rotating 
P l d s m a .  

Wave-Type NHf) A-C Power Genera- 
t ion 

Synchronous Traveling-Wave 
Electrohydrodynamic Power 
Generation 

Published, Phys. of 0 
Fluids ,  Novo 1966. 

Published, Phys. o f  
F lu ids ,  O c t ,  1966 

Pro jec t  reac t iva ted  a s  
B , S ,  Thesis 

Ph,D, Thesis undertaken; 
experiment present ly  i n  
planning s tage.  

14. S L1 Thesis completed; 
sent t o  XASA as prepr in t  
i n  preparat ion,  

Sork summarized i n  artic a 
in process of pub'n i n  
ALAA .;curnal, 

Experiment i n  progress 
eo show wave-structure 
interaction; Lnf report 
i n c l ,  with this report 

Three M.S, Theses cur- 
r e n t l y  i n  i n i t i a l  stages 
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@I Continuum Eiectrmechanics af Field-Coupled Systems 

- Personnel: 

3 % R. Mel,cfa,er Associate Professor 
31, J. Schaffer, X , S s F ,  F e l l o w  fPh,D. candidate) 
E .  8 ,  Devitt, Teaching Assistant (Ph, D. candidate) 

R. J, Turnbull, Teaching Assistant [Ph.D. candidate) 

C,  V, Smith, Jr,, Teaching Assistant (Ph. D, candidate) 

J, L, Dressler, (Ph,D, candidate) 

R. Thomas @less Candidate) 
D, Guttman, Teaching Assistant candidate) 

S, Grodzinsky, Teaching Assistant @I. S. candidate) 

D. Jolly, N,S.F, F e l l o t ~  @¶.so cendidate) 
R, Zelazo, S h ' , S L F .  Fellow (Xes. candidate) 
Miss R, Goldstein @ , S o  candidate) 

R. Landley t B + S .  candidate) 
C y  Blankenship {B. S. candidate) 

A,, Pasic Investigations of Field-Coupled Waves and Ins tab i l i t i e s  

We consider the areas of research outlined i n  Sec, 1 in the 

order l i s t e d ,  

2) _. An Electrohvdrodynamic Enduction Flow-Yeter (Charge Relaxa- 

t ion  on a Pfoving Liqu id  Interface) 

An article summarizing this work w i l l .  be published in the 

February 1967 issue cfPhvsics 04 Fluids ,  
have been returned. Future work concerned w i t h  natural 
conduction phenomena w l l l  make use of either the appa- 

ratus used in these experiments, or of a second generation 

of this apparatus, r e f ined  so that a lesser quantity of 
f l u i d  would be required to lnake a conductivity measurement. 

Galley proofs 
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Patent research i s  cu r ren t ly  being undertaken by the M , I . T .  

pa t e n t  o f f  ice * 

2) Electrohydrodynamic Xnduction Bulk In t e rac t ion  
Prepr in t  of this work has been submitted t o  NASA a s  MIT 
Center for  Space Research r epor t  CSR-TR-66-13, and submitted 

for publicat ion t o  Physics of F lu ids*  Patent  inves t iga t ion  

cur ren t ly  being i n i t i a t e d  by 11,P.T. patent  o f f i c e .  

3) E lectrohvdrodvnamic Relaxation Surface I n s t a b i l i t i e s  
Experiments have been conducted to  measure the  voltage (rms) 
for i n s t a b i l i t y  on an in t e r f ace  between f l u i d s  having r e l ax -  

ation frequencies on the same order as  the frequency of the  

applied voltage. 
quencies where parametric forms of i n s t a b i l i t y  could be 
ruled out ,  Currently,  efforts are. being made t o  extend 

previous theoretical developments t o  p red ic t  these experi-  
mental results. 

This data was taken over a range of fre- 

4)  Containment of Dielectric Fluids with i iotation 
Although considerable t h e o r e t i c a l  and experimental work on 
the electrohydrodynarnics of r o t a t i n g  fluid systems has been 
done previously under NsC-368, none of t h i s  work has reached 
a s t age  where it has been reported i n  the  open l i t e r a t u r e ,  

Several projects are planned and under construct ion i n  t h i s  
area a t  present, and are  &he basis for an M.S. t h e s i s .  These 
re la te  t o  stud e s  of the  basic 2ieI.d i n t e rac t ions  with the  

f l u i d s  Ln rota ion,  The nature  of the  experiments was des- 
cribed i n  Part I f - E  oE t he  proposal submieted previously. 
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Amerlcan Physicai Society on this subject, Nov. 23, 1946, 
The abstract of that paper is as foPlous: 

Oriented F lu id  

?If two slightly-conducting immiscible 'Liquids of equal 

density are placed in the annulus between concentric cir- 

cular electrodes having an a-c potential difference, the 
l iquid of higher permittivity can be oriented around the 
inner elecerode. The potential must have a frequency which 
is muck Larger than the reciprocal relaxatim time for free 
charge In either of the f l u i d s .  
d-c potential is s tud ied  In the case where the inner f l u i d  
is much more highly-conducting than the outer f l u i d ,  so 

that free charge can relax t o  the interface, 
analytical model predicts  he d-c potential fo r  i n s t a b i l i t y  

as a function of the a-c potential and physical. parameters, 
The a-c fields are assumed to interact a t  the interface as 

though b ~ e h  f l u i d s  were perEec&Py insulating. At the same 
t h e ,  khe d-c f i e l d s  are assumed to be excluded from the 
inner f l u i d ,  vhich a c t s  as a perPect conductor and inter-  

a c t s  wLtk the d-c f i e l d  at the interface through free sur- 

face charges e Expertmentx have been carried 01.12 verifying 
features of the theoryo 

The effect of an a d d l t i o n e l  

A simple 

7 i.,L2er -7 h e c t s  Fndkcnte scae cor re ln t i sn  with theory but 

a l s o  sh,7~3 .?fi:er,cs that  !tad rmt ~; i -evLsusip bear, observed,  
Ips is . 'm~d t k a t  exyerim,er~s s k r b  marked effects fmzi the 

~ - ~ ~ ~ : 1 ,  &he 6-c 

- .  r- L 
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d r i f t  with t h e .  For example, i n  an experiment invol-  

ving s i l i c o n  o i l  and corn o i l ,  the d-c p o t e n t i a l  f a r  
i n s t a b i l i t y  has been found t o  decrease s t ead i ly  over a 
period of two hours,  from an i n i t i a l  value of 4 kv t o  

less than 2 kv. These r e s u l t s  ind ica te  a surface phe- 

nomenon which deserves fu r the r  inves t iga t ion ,  Since the 

e f f e c t  is s e n s i t i v e  t o  p o l a r i t y ,  it is p r e s e n t l y  fe l t  

tha t  i t  might be due t o  e lec t rophore t ic  forces a t  the  imter- 

face, created by ions emitted from one of the  e lec t rodes ,  

Electromechanica 1 Co-Streaming and Coun-ters trearning Ins t a  - 
b i l  it ies and Elec t E e L h a n i c a - l  Stream-$ t ruc tu re  Ins t a b i l i t v  

hepr int s  having these t i t les  have been s u h i t t e d  to XASA 
previously; these articles tuve been submitted for publi- 

cat ion to Physics of F l u i d s ,  

Thema I l y  Induced Elec trohvdrodtmaniLgulIc Instability 

This category of experiments is aimed at developing a 
basic knowledge of convectrve heat transfer i n  e l e c t r i c  

fields, either with a view toward augmenting the heat trans- 
fer 01 to tkirnmally ptmplng a f l u i d  Progress in the funda- 

mental types'af instability I'ound in this class of i n t e r -  
actions i s  summarized i n  the attached I-nternaf Memorandum 

No 126. This a c t i v i t y  has an immediate application in 
the space programr s ince  electric f i e l d s  are not] being pro- 
posed as  

l i q u i d  i n  zero-gravity environments In space, where fuel 

tanks are subject  to various types of heat  flux from the 
borriddries the venting of cryogenic stokage systems is 
Iargply d z c e m i n e d  by $ 3 ~  hot  spoits of the system& V e ~ t - -  

ing becom~s f a r  less oE a prc;b'P,em i x  &la@ temperatwe r ise  
crin bb4.j z,:e;Iy d j  s t ~ i h ? ' ,  / I  : ;a;-c.tighxit t h e  i 1 l u i d  Esweve.~ ~ 

rsedns of producing a uniform-temperature cryogenic 

. *  



the main p h y s i c a l  mechanism fo r  bringing t h i s  about i n  eerth- 

bound systems is var i a t ion  in density (prochced by the temp- o 
erature gradient) i n t e r a c t i n g  with gravity,  In  space, where 
t he re  is  no gravity, the hot spot problem becomes ext ra  c r i t i c a l .  

Electric f i e l d s ,  i n t e r a c t i n g  with tne l i q u i d  through the haste 

mechanism described i n  t h i s  work, provide a means of inducing 

thermal (e1ectro)convectton and wiping out the  temperature 

gradients. 
Our fundamental work i n  this area is being communicated t o  

the people i n t e re s t ed  i n  developing t h i s  appl icat ion,  

e a r l i e r  work 
A s  with 

we have done,with its impact on the cryogenic 

orientation program, one of our main functions has been t o  estab- 
lish the correct physical picture of the i n t e rac t ions  responsible 
for  the induced electroconvection, This area is no exception i n  
the . trend of  those people who have given a t t e n t i o n  to heat  trans- 
fer systems in electric f i e l d s  t o  use the, wrong force density, 0 

9 )  S t a t  ic H i e  ld-Gradient Electroconvec t i s n  

Theoret ical  aspects oE this problem were communicated t o  
XASA previously,  in t h e  form of an informal report entit1ed:"An 

C 1sc trohpdrodynamica 1 ly - Induced Spat La lly Periodic Stokes -Flow" ,, 

During the pas t  quarter, an experiment has been conducted which 
displays I in classic SimpliciCy, the c e l l u l a r  convection induced 

by an electric field through a surface i n t e rac t ion ,  This cellu- 
l a r  motion i s  being filmed, both to show  he basic i n t e rac t ion  

and t o  ob ta in  data which will be correlated with the theory, 

flais p r o j e c t  has the basic object ive of shoving how c e l l u l a r  
convection can be u s e d  to produce energy cor.version and enk3ncc:d 

h e a t  kransfetr A Ph.,E', mes is  should be completed, by S e p t .  1967* 
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CSR "8-66-11, with the t i t l e :  "Hydromagnetic Surface Waves 
with Alternating Pbgnetic Fields'' 

11) Bang-Bana Surface Interactions with a S ta t i c  Fluid 
This project was described under part 11-6-2 of the Quar- 

terly Progress Report (including the proposal for renewal of 
support, sent Eovember 10, 1966) referred to in the Introduc- 

t ion, Three experimental a c t i v i t i e s  are now underway, and r e p -  

resent the basis for two M,S, theses and 8 B,,S. thesis, A 400- 
cps high voltage system has been constructed and tested,. This 
has been used to demonstrate fndefinite  orientation of liquids 
like corn o i l  over air by using the bang-bang s tab i l i za t ion  of 

the ups ide  down" interface.  Our invest igations are presently 
divtded into three categories: 

f 1  

1. Zeasurement of the marginal conditions for - i n s t a b i l i t y  

and the development of an appropriate thtcry. This 

theory w i l l  probably be l inear,  and somewhat s imi lar  

to t-hat used in  the gradient s tab i l i za t ion  systems, 
f l  2 r'ieasurement cf the large-amplitude s 1.oshing" charac- 

teristics of the equilibrium, with the bang-bang used 

both to or ten t  the f l u i d  against an adverseluccrlera- 
t i o n ,  and to  prevent slioshird cbc an interface. 

3 .  Measurement of the conditions for parametric i n s t a b i l i -  

t y r  as  they depend on the frequency of the applied vol- 
tage, The 400 cps system was constructed so that the 

f i r s t  fc lasses  of experiment. coald be conducted without 

being concerned with the ctrird c l a s s  of problem, With 
60 cps high voltage used in an experiment involving 

two 

IL i q i i i d s  having the w i s cos i ty  of  water ~ pdrametric 

instability imposes a significant l i m i t a t i o n  on what 

caa be achieved w i t h  E ' ) e  hJng-bang i n t e r a c t i o n .  



12 j Field Gradient Stabil izat ion of Kelvin-EeMo1t.z Tnstabilky 
This project was described in  SecS XI-E-1 of the Quarter'Jy 

Report? It €s currently €n the I n i t i a l  stages of experimental 
Activity, and Ls the subject of a E,S. thests- 5i.m f l rs t  ob- 
j e c t i v e  i s  t o  demonstrate the Kelvin-Helmholtz instability in 
an apparatus having essenttally two-dimensional flow conditions,  

13) Bulk Grad€ent Stabilization 

Sec. XI-F-2 of the Quarterly Report described t h i s  pro- 

j ec t ,  which is currently being developed a s  a B , S ,  thesis, 
The apparatus has been partly constructed, and a theoretical 
model for the ins tab i l i ty  conditions is  avai lable ,  It is honed 

that we will be able to film the bulk instability, since there 
is  no precedent for its observstlsn, 

Continuum Feedback Control of Electromechanical Systems 

I. Continuum Feedback Control o f  a Ravlei2h-Taylor Type Instabilitv 
This work was the subject of an a r t i c l e  published in  the Itovem- 

ber, 1966, issue of Physics of Fluids, Reprints included here, 
2. Continuum Feedback Control of Instabilities on an Inf in i te  

- Liquid Interface 
This project involved the development of a new technique for 
analyzing continuum systems subject to s p a t i a l  sampling and 
feedback 
actober, 1966, issue of f'hysics of FluidsL Reprints included* 

It was the subject of an a r t i c l e  published €n the 

3 - Electuostazic Levitation of Liquids  

T h i s  pl-oject Cs being reactivated, It was described in See, 
11-I3 oE the propasat r'or continuation of NsG-368 for the per iod  

Feb. 1, 1966 eo . I ; J ~ ,  31, 1'937 arid Fs currently the subjEct of 
r-" a E , 5 .  thesis.. iile t q ~ ~ i p ~ q c n t  i s  mostly constructed, but SO f a t  

LheTe -_ 1. c 21, E- A?.==P ' Id: * L Lv: t y  I *  



4., Continuum Feedback Control of Rayleigh-Taylor Type Insta- 
bility Using Video Sampliw Techniques, 

As has been pointed out i n  many previous reports and 
publications, OUK most significant objective in the area of 
continurn feedback control is  to demonstrate experimentally 
and theoretically that an electronic continuum can be realized 
which will interact with a mechanical continuum on a contin- 
uum basis- This then makes it possible to control the dynamics 
of continuous media by using the electronic continuum for 
feedback purposes 

It is c lear  from the outset that if this objective is to 
be realized, video systems must be employed' 
mental and theoretical work places us in a position to design 

a video system now which will reach our objective, 
phase of th is  researchs attention will be confined to continua 
that involve essent islly a dependence on one s p a t i a l  variable  I 

The design of an experiment is currently underwayo and will be 
the basis for a E ' h T 2 *  thesis, 

Our p a s t  experi- 

In this 

5 ,  S t a b i l i t y  of a Distributed Parameter System Controlled by 
S p a t i a l l y  and Temporal-ly Quantized Feedback 

This work xiis the subject of an M,S, thesi.s, copies nf 
which were submitted to HASP, previously, It. is currently being 
SmmdriZed in preprint fo~m, and will be submitted for publica- 
t ion e 



A. Excitation and Detect€an of Mametoacoustic Bkves i n  a 

Rotatinn Plasma 

This work was summarized in  a preprint previously sent  

to NASA; it has been accepted for pubiication in the Jmrna l  
of the A M ,  

B. Wave-Type MHD A-C Power Generation 

This was described i n  Sec. I11 A of the Querterly R e -  
port sent i n  November, 
progress. An i n f o p a l  report re lat ing  to th i s  activity I s  

included here ent i t l ed :  "Temperature Measurement of an 
Equilibrium Plasma by Means of a Pressure Transducer". 

C e Synchronous, TraveltnP-Yave . Electrohydrodynamic Power 

Experimental work is  presently i n  

Generation 

Three M,S, theses are currently i n  progress on this  sub- 

j e c t ,  

3-2 of the Quarterly Report sent Last fall. 
tunnel is currently being checked out, Initial tests of the 
charge induction process should begin within two weeks, and 
t e s t s  of the synchronous interactton w i l l  start within the 

month, 

The basis  for this activity was descr2bed In Sec, XI- 
A s;nalf wind 
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D e v i t t ,  E ,  8 ,  and Melcher, J.R, , 1t Surface Elzctrohydrodynamics 

With High Frequency Fields'', Physics of Fluids,  Vol. 8 ,  30,  6 ,  

June 1965, 
Crowley, J.M., t l  Growth and Excitation of ElectrohydrodynamFc Sur- 

face' Waves", Physics of F l u i d s ,  Vol, 8 ,  No,  9 ,  September 1965, 

Melcher, 3, R., "An Experiment to Stabi l ize  an Electromechanical 
Continuum", IEEE Transactions on Automatic Control, Vole AC-10, 
N o ,  4 ,  October 1965. 

)I MeXcker, J. R. , Control of a Continuum Electromechanical Instabi- 
l i t y " ,  Proc, of the IEEE, Vof. 53, No, S ,  May 1965., 

0 
Melcher, 3 ,  R, , 11 Traveling-Wave Induced Electroconvection", Physics 

of F l u f d s ,  Vole 9 ,  No. 8 ,  August 1966, 

Melcher, 3, R e ,  "Continuum Feedback Control of Ins tab i l i t i e s  on an 

Infinite Fluid  Interface", Physics of Fluids,  Vola 9 ,  No, 10, 
October 1966 a 

Melcher, J .R,  and Warren, E ,  F,, "Contfnuum Feedback Control  of a 

Rayleigk-Taylor Type InstabLlity" Physics of F l u i d s  I Val, 9, 
No. 11, November 1966, 

Melcher, 3 ,  R, P I  Charge Relaxation on a Moving Liquid Interface",  

Physics of F l u i d s , , ,  to be published Lr, February 1967 issue, 

Wil.son, Go I., , and Woadson, H. H ,  "Excitation and Detection of 
* n  mgnetoscoustic 14aves in a i"otati.ng Plasma Accelerator", to 

be publishEd in AM Journal, 


